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Abstract: In this paper, the electroweak phase transition, the gravitational waves and the
dark matter issues are investigated in two scalar singlet extension of the standard model.
The detectability of the gravitational wave signals are discussed by comparing the results
with the sensitivity curves of eLISA, ALIA, DECIGO and BBO detectors. It is shown
that the results support the recent reports on the dark matter relic density by Planck 2018
collaboration and the direct detection experiment by XENON1T 2018 collaboration.
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1 Introduction
The failure of the Standard Model (SM), in describing phenomena like the baryon asymme-
try of the universe (BAU) and the dark matter (DM), brings to mind that the SM cannot
be considered as a fundamental model. Nevertheless, the discovery of the Higgs boson [1, 2]
as the first observed scalar has opened the way to consider the SM as an effective field
theory (EFT) and also a window to the Higgs portal. To address the BAU and the DM
problems, many theories and models have been proposed beyond the SM such as super-
symmetry studies [3–17]. Due to the attraction of the Higgs portal, it has been always
of interest to investigate the SM extensions which directly challenge the Higgs portal like
multi-scalar extensions [18–30]. The existence of interactions between the Higgs and new
scalars makes such models reasonable for explaining the BAU, which needs a strong first-
order electroweak phase transition (SFOEWPT), the gravitational waves (GW) produced
by an SFOEWPT and the DM. Moreover, such models also have other benefits. First, they
are simple and straightforward. Second, they may be renormalized, so no new physics scale
is needed. Third, they may be gauge independent, if there exists a barrier in the potential
at tree-level [31].
To justify the BAU, there is a need for Baryogenesis to exist [32–36] which itself needs
an SFOEWPT, i.e. vc
Tc
& 1 where vc is the Higgs vacuum expectation value (VeV) at critical
temperature Tc. This would not happen in the SM, but adding one or more new scalars to
the SM potential may lead to an SFOEWPT. With regard to the new potential structure,
two different phase transitions (PT) can happen. One of them is one-step PT in which
there only exist initial and final phases. Cooling down the universe, it goes through a phase
transition and breaks the electroweak symmetry. The other one is two-step (or multi-step)
– 1 –
PT in which there also exists an intermediate phase (or more) between initial and final
phases [37–41]. The reader is referred to [42–49] for the most recent studies on the EWPT.
During the SFOEWPT, the bubbles with the non-zero VeV nucleates in the plasma.
The stochastic GW background arising from the SFOEWPT can be generated by the bub-
bles collisions and shocks [50–55], the sound waves [56–59], and the Magnetohydrodynamic
(MHD) turbulence [60–64] in the plasma. Since the EWPT in the SM is a cross-over instead
of strong one, the SM cannot predict the GW produced by the EWPT. So, this is another
reason to look for beyond the SM. The recent observations of astrophysical GW [65–72]
have brought the hope to detect the GW produced by the EWPT [73–75]. The reader
is referred to [42, 44–48, 76–79] for the most recent studies on the GW produced by the
EWPT.
As mentioned before, the SM cannot explain DM which existence is well established by
cosmological evidence. As the simplest way, this incompetence can be justified by adding
one (or more) gauge singlet scalar to the SM. Since the DM should be stable to provide the
observed relic density Ωch
2 = 0.120± 0.001 by Planck 2018 [80], it is necessary to impose
a discrete symmetry on the DM candidate, in present study S2 → −S2. On the other hand,
the global minimum of potential at zero temperature spontaneously breaks this discrete
symmetry, so necessarily < S2 >= 0. The reader is referred to [43–45, 47, 49, 81–86] for
the most recent studies on the DM.
The present work is arranged as follows: In section 2, the most general and renormal-
izable extension of the SM is presented by adding two scalar sectors S1 and S2 to the usual
SM potential1. Assigning a non-zero VeV to S1, the SFOEWPTH can occur in the model.
Imposing a Z2 symmetry on S2 makes it a viable candidate for the DM. Also, constraints on
the parameter space are discussed. The EWPT, GW and DM are respectively investigated
in sections 3, 4 and 5. Finally, some conclusions are presented in section 6.
2 The Model
The tree-level potential of the model is given by
V =−m2H†H + λ(H†H)2 + κ0S1 + 2(κ1S1 + κ2S21 + κ3S22)H†H
+
1
2
m21S
2
1 +
λ1
4
S41 + κ4S
3
1 +
1
2
m22S
2
2 +
λ2
4
S42 + κ5S1S
2
2 ,
(2.1)
The potential 2.1 is the usual SM potential with two extra gauge singlet scalars and interac-
tion terms which provide Higgs portal between the new scalars and the usual SM particles.
H stands for the complex Higgs doublet, H =
(
χ1 + iχ2
1√
2
(h+ iχ3)
)
. S2 stands for the DM
imposing S2 → −S2. Acquiring a non-zero VeV, S1 improves the strength of EWPT. The
linear term of S1 can be neglected by a shift in the potential. The Z2 symmetry forbids the
existence of linear and cubic terms for S2, so the equation 2.1 is the most general renor-
malizable potential which could be made by adding two new scalars. In the unitary gauge
1The model first presented in [87] without the GW and the DM discussions. Here, the results of [87] are
improved for the EWPT, also, the GW and the DM signals are investigated.
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at zero temperature, the theoretical fields can be reparameterized in terms of the physical
fields,
H =
(
0
1√
2
(h+ v)
)
, S1 = s1 + χ, S2 = s2, (2.2)
where v = 246.22(GeV ) and χ are the Higgs and S1 VeV, respectively. Without loss of
generality, one can write
V =− 1
2
m2h2 +
λ
4
h4 + (κ1s1 + κ2s
2
1 + κ3s
2
2)h
2
+
1
2
m21s
2
1 +
λ1
4
s41 + κ4s
3
1 +
1
2
m22s
2
2 +
λ2
4
s42 + κ5s1s
2
2.
(2.3)
In order to have a stable potential, it is required that [22, 87]
λ > 0, λ1 > 0, λ2 > 0, κ2 > −
√
λλ1
2
, κ3 > −
√
λλ2
2
. (2.4)
The tadpole equations at (v, χ, 0) read
m2 = λv2 + 2(κ1χ+ κ2χ
2),
m21 = −λ1χ2 − 3κ4χ− 2κ2v2 −
κ1v
2
χ
.
(2.5)
From the diagonalization of squared-mass matrix and the tadpole equations, one can get
λ =
M21 sin
2(θ) +M2Hcos
2(θ)
2v2
,
κ2 =
(M2H −M21 )sin(2θ)
8vχ
− κ1
2χ
,
λ1 =
1
2χ2
(
M21 cos
2(θ) +M2Hsin
2(θ) +
κ1v
2
χ
− 3χκ4
)
,
m22 =M
2
2 − 2κ3v2 − 2κ5χ,
(2.6)
where MH = 126(GeV ), M1, M2 and θ are the Higgs mass
2, the physical mass of S1, the
physical mass of S2 (the DM mass) and the mixing angle, respectively. In Ref. [89], by
performing a global fit to the Higgs data from both ATLAS and CMS, the constraint
on the mixing angle was given |θ|≤ 32.86◦ at 95% confidence level (CL). In Ref. [90], by
performing a universal Higgs fit, the upper limit on the mixing angle was given |θ|≤ 30.14◦
at 95% CL. In the present work, a Monte Carlo scan is performed over the parameter space
with
5GeV ≤M1 ≤ 750GeV, 5GeV ≤M2 ≤ 750GeV, −23◦ ≤ θ ≤ 23◦,
− 80GeV ≤ κ1 ≤ 80GeV, 0.0001 ≤ κ3 ≤ 0.1, −80GeV ≤ κ4 ≤ 80GeV,
− 80GeV ≤ κ5 ≤ 80GeV, 30GeV ≤ χ ≤ 120GeV, 0 ≤ λ2 ≤ 4.
(2.7)
2The last announcement for the Higgs mass is MH = 125.09(GeV ) [88], however, 1-3 GeV deviation is
acceptable.
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3 Electroweak Phase Transition
To investigate the EWPT in a model, one needs the finite temperature effective potential
given by
Veff = Vtree−level + V T=01−loop + V
T 6=0
1−loop, (3.1)
where Vtree−level, V T=01−loop and V
T 6=0
1−loop are the tree-level potential (2.3), the one-loop corrected
potential at zero temperature (the so-called Coleman-Weinberg potential) and the one-loop
finite temperature corrections, respectively. The last two read
V T=01−loop = ±
1
64π2
∑
i=h,s1,s2,W,Z,t
nim
4
i
[
log
m2i
Q2
− Ci
]
,
V T 6=01−loop =
T 4
2π2
∑
i=h,s1,s2,W,Z,t
niJ±
[
m2i
T 2
]
,
J±(
m2i
T 2
) = ±
∫ ∞
0
dy y2 log
(
1∓ e−
√
y2+
m2
i
T2
)
,
(3.2)
where ni, mi, Q and Ci denote the degrees of freedom, the field-dependent masses, the
renormalization scale and the numerical constants, respectively. The degrees of freedom and
the numerical constants are respectively given by (nh,s1,s2 , nW , nZ , nt) = (1, 6, 3, 12) and
(CW,Z , Ch,s1,s2,t) = (5/6, 3/2). The upper (lower) sign is for bosons (fermions). Assuming
the longitudinal gauge bosons polarizations are screened by plasma, thermal masses just
contribute to the scalars, so Daisy corrections become small and can be neglected. There are
three possibilities to deal with the renormalization scale Q. First one is to add some counter
terms to the effective potential (3.1) to make it independent of Q without shifting VeV at
zero temperature [91, 92]. Second one is to set Q at a proper scale, like Q = 160(GeV )
the running value of the top mass, Q = 246.22(GeV ) EW scale and Q = 1(TeV ) for
supersymmetry purposes. Third one is to take Q as a free parameter to avoid shifting VeV
at zero temperature. Here, the last one is considered.
The main idea of the EWPT is that the early universe, which from particle physics
point of view may be described by potential (3.1), is in a high phase3 with V eV = (<
h >,< s1 >,< s2 >)high at high temperatures. Cooling down the universe, a new phase
appears with V eV = (< h >,< s1 >,< s2 >)low. As the universe cools down, the two
phases become degenerate at the critical temperature Tc. Since the strength of the EWPT
is governed by ξ = vc
Tc
, all that needs to be done is to calculate vc and Tc from the following
3In this work, the high (low) phase denotes a phase which is the unstable (stable) vacuum for tempera-
tures below Tc.
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M1(GeV ) M2(GeV ) θ χ(GeV ) κ1 κ3 κ4 κ5 λ2 Q(GeV )
BM1 25.27 655.22 -9.80 115 -40.72 0.0528 -4.04 -11.68 0.55 149
BM2 65.74 337 17.16 65.75 -8.24 0.0241 -34 21.44 0.79 109
BM3 83.16 235.91 -18.68 69.89 -40.53 0.0132 13.48 -15.44 3.62 160
BM4 195.89 434.2 -20.42 96.03 -55.38 0.0322 -50.92 47.82 2.36 106.7
BM5 226.06 126.33 -19.20 54.07 -29.63 0.0016 7.05 5.92 1.79 104.7
BM6 254.18 420 -15.94 43.82 -35.19 0.0241 -13.01 48.3 1.74 91.19
BM7 262.86 600 -21.9 53.04 -38.4 0.0618 -2.07 73.55 3.05 91.18
BM8 305 325 -6 36 -47 0.0012 -2 -26.4 0.13 91.19
Table 1: Benchmark points which provide the SFOEWPT.
conditions:
∂Veff
∂h
∣∣∣∣
(<h>,<s1>,<s2>)high,T=Tc
= 0,
∂Veff
∂h
∣∣∣∣
(<h>,<s1>,<s2>)low,T=Tc
= 0,
∂Veff
∂s1
∣∣∣∣
(<h>,<s1>,<s2>)high,T=Tc
= 0,
∂Veff
∂s1
∣∣∣∣
(<h>,<s1>,<s2>)low,T=Tc
= 0,
∂Veff
∂s2
∣∣∣∣
(<h>,<s1>,<s2>)high,T=Tc
= 0,
∂Veff
∂s2
∣∣∣∣
(<h>,<s1>,<s2>)low,T=Tc
= 0,
Veff
∣∣∣
(<h>,<s1>,<s2>)high,T=Tc
= Veff
∣∣∣
(<h>,<s1>,<s2>)low,T=Tc
.
(3.3)
The last condition guarantees degeneracy and the others guarantee existence of the high
and low vacua. There is no analytical solution for the problem, so the calculations are
implemented with the CosmoTransitions package [93]. The benchmark points and the cor-
responding results are presented in table 1 and 2, respectively. Here, the exact calculations
are performed by CosmoTransitions to get the effective potential, compared to Ref. [87]
which used the high temperature expansion. Though, the results of Ref. [87] should be
improved for the high temperature expansion case. An extension of the SM with two new
scalars was recently studied in Ref. [94], but there are some differences between it and
the present work. First, the high temperature expansion was used in [94]. Second, the
cubic term S31 , which plays a crucial role in the EWPT as a barrier at tree-level, was not
considered in [94].
4 Gravitational Waves
The SFOEWPT may justify not only the BAU but also the GW signal produced by the
EWPT. Actually, the EWPT occurs at a temperature lower than Tc, in which the first
broken phase bubbles nucleate in the symmetric phase plasma of the early universe. The
transition probability is given by Γ(T ) = Γ0(T )e
−S(T ) where Γ0(T ) is of order O(T 4) and
S is the 4-dimensional action of the critical bubbles. For temperatures sufficiently greater
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VeVhighc (GeV) VeVlowc (GeV) Tc(GeV) ξ
BM1 (0,6.66,0) (152.44,58.12,0) 92.61 1.65
BM2 (0,212.26,0) (239.05,67.24,0) 60.33 3.96
BM3 (0,2.13,0) (117.2,27.16,0) 115.44 1.01
BM4 (0,191.74,0) (214.86,100.1,0) 97.06 2.21
BM5 (0,110.24,0) (164.43,76.63,0) 114.18 1.44
BM6 (0,102.36,0) (215.56,45.91,0) 97.22 2.22
BM7 (0,113.79,0) (222.88,48.07,0) 91.84 2.43
BM8 (0,72.31,0) (145.52,48.35,0) 118.13 1.23
Table 2: The values of the VeV of the high and the low phases, Tc and the strength of the
SFOEWPT.
than zero, it can be assumed S = S3
T
where the 3-dimensional action is given by
S3 = 4π
∫
drr2
[
1
2
(
∂r~φ
)2
+ Veff
]
. (4.1)
Here, ~φ = (h, s1, s2). The critical bubble profiles, which minimize the action (4.1), can be
calculated from the equation of motions. The temperature for a particular configuration,
which gives the nucleation probability of order O(1), is the nucleation temperature Tn.
The GW may be produced by the collision of the bubbles at some temperature T∗, it
is usually assumed T∗ = Tn. Supposing that the friction force is not enough to prevent the
bubbles from running away, the GW signal is given by
ΩGWh
2 ≃ Ωcolh2 +Ωswh2 +Ωturbh2. (4.2)
As seen, the GW signal is given by the sum of bubbles collision, sound wave and turbulence
in the plasma which respectively read [53, 55, 56, 59, 64, 73, 95, 96]
Ωcolh
2 = 1.67 × 10−5
(
β
H
)−2 0.11 v3b
0.42 + v2b
(
κα
1 + α
)2 ( g∗
100
)− 1
3
3.8
(
f
fcol
)2.8
1 + 2.8
(
f
fcol
)3.8 ,
Ωswh
2 = 2.65 × 10−6
(
β
H
)−1
vb
(
κv α
1 + α
)2 ( g∗
100
)− 1
3
(
f
fsw
)3 7
4 + 3
(
f
fsw
)2


7
2
,
Ωturbh
2 = 3.35 × 10−4
(
β
H
)−1
vb
(
ǫ κv α
1 + α
) 3
2
( g∗
100
)− 1
3
(
f
fturb
)3 (
1 + f
fturb
)− 11
3
1 + 8pif
h∗
,
(4.3)
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with
fcol = 16.5 × 10−6Hz
(
0.62
v2b − 0.1 vb + 1.8
)(
β
H
)(
Tn
100GeV
)( g∗
100
) 1
6
,
fsw = 1.9× 10−5Hz
(
1
vb
)(
β
H
)(
Tn
100GeV
)( g∗
100
) 1
6
,
fturb = 2.7× 10−5Hz
(
1
vb
)(
β
H
)(
Tn
100GeV
)( g∗
100
) 1
6
,
h∗ = 16.5× 10−6 Hz
(
Tn
100GeV
)( g∗
100
) 1
6
,
κ = 1− α∞
α
,
κv =
α∞
α
(
α∞
0.73 + 0.083
√
α∞ + α∞
)
,
α∞ =
30
24π2g∗
(
vn
Tn
)2(
6
(
MW
v
)2
+ 3
(
MZ
v
)2
+ 6
(
Mtop
v
)2)
.
(4.4)
vn and g∗ are the Higgs VeV and the number of the relativistic degrees of freedom at Tn,
respectively. Here, ǫ = 0.1, and g∗ is read from the MicrOMEGAs package [97, 98]. Still,
there are three important parameters which should be defined. One of them is the bubble
wall velocity, since assumed that the bubbles run away, given by vb ≃ 1. The two others, α
and β, are given as follows
α =
ρvac
ρ∗
∣∣∣∣
Tn
,
β =
[
H T
d
dT
(
S3
T
)]∣∣∣∣
Tn
,
(4.5)
where ρvac =
(
V higheff − TdV higheff /dT
)
−
(
V loweff − TdV loweff /dT
)
, ρ∗ = g∗π2T 4n/30 and Hn are
the latent heat (vacuum energy density) released by the EWPT, the background energy
density of the plasma and Hubble parameter at Tn, respectively. Using the CosmoTransi-
tions package [93], the parameters α, β/H, vn and Tn are calculated and presented in table
3. In figures 1, the GW signals are plotted versus frequency for the benchmark points of
table 1. To check if the GW signals for the benchmark points 1 fall within the sensitivity
of GW detectors, the sensitivity curves of eLISA, ALIA, DECIGO and BBO detectors4
are also plotted in the figure 1. As seen from the figure 1, the dashed blue line corresponding
to the GW signal for the BM7 may be detected by N2A1M5L6 and N2A5M5L6 config-
urations of eLISA and BBO detectors. The dashed red and yellow lines corresponding,
respectively, to the GW signal for the BM4 and the BM6 may be detected by N2A5M5L6
configuration of eLISA and BBO detectors. The dashed orange line corresponding to the
BM2 may be detected by DECIGO and BBO detectors. The dashed green, cyan and
4The sensitivity curves of four representative configurations of eLISA are taken from [73]. The ALIA,
the DECIGO and the BBO sensitivity curves are taken from GWPLOTTER. The reader is referred to
Ref. [99] for details.
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VeVhighn (GeV) VeVlown (GeV) Tn(GeV) α β/H
BM1 (0,6.46,0) (169.49,68.13,0) 89.15 0.0324 6291.32
BM2 (0,212.75,0) (244.78,63.20,0) 41.61 0.2595 18459.13
BM3 (0,2.09,0) (127.05,30.59,0) 114.43 0.0119 27039.55
BM4 (0,194.67,0) (243.13,93.35,0) 51.83 0.3131 130.43
BM5 (0,110.54,0) (185.04,69.54,0) 110.97 0.0245 5644.92
BM6 (0,103.24,0) (234.55,41.18,0) 77.05 0.0890 433.45
BM7 (0,114.91,0) (243.12,42.47,0) 43 0.5388 150.54
BM8 (0,72.67,0) (157.93,45.79,0) 115.38 0.0175 9306.63
Table 3: The values of the VeV of the high and the low phases, Tn, α and β/H.
ALIA
BBO
DECIGO
N1A1M2L4
N2A2M5L4
N2A1M5L6
N2A5M5L6
Figure 1: The dashed blue, red, yellow, orange, green, cyan and purple lines represent
the GW signal for BM7, BM4, BM6, BM2, BM1, BM5 and BM8, respectively. The solid
black lines represent the sensitivity curves and are labeled by the name of the detectors.
For eLISA, the sensitivity curves are labeled by the name of the configuration.
purple lines corresponding, respectively, to the GW signal for BM1, BM5 and BM8 cannot
be detected by the mentioned detectors. The GW signal for the BM3 isn’t big enough to
be shown at the scale of the figure 1.
According to the tables 2 and 3, it seems that BM2 is a special point. The value of
β/H is large at this point, while, the nucleation temperature is not very close to the critical
temperature. At the same time, Tn is low and α is large.
5 To clarify the situation of BM2,
the phase transition properties of BM2 are shown in the figure 2. As seen from the subfigure
5The authors thank an anonymous referee for pointing this out.
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2-(a), the slope of S3/T increases around Tn which indicates the parameter β/H is large.
The physics of this situation can be described by the tunneling profile, the norm of phases as
a function of temperature, and the contour levels of the potential with the tunneling path.
As seen from subfigure 2-(b) and 2-(d), the center of bubble is far away from the stable vac-
uum. Also from subfigure 2-(c), it is seen that the transition occurs at a temperature where
the unstable vacuum is close to disappearance. The values of potential at high and low
phases are, respectively, V higheff = −91583128.19(GeV 4) and V loweff = −101840540.47(GeV 4),
which give the pressure difference ∆p = 10257412.28(GeV 4). The barrier location is at
(h, s1, s2) = (19.84, 212.19, 0) with Veff = −91582001.71(GeV 4) which gives the bar-
rier height ∆Vbarrier height = 1126.48(GeV
4). Clearly, the barrier height is very small,
∆Vbarrier height/∆p = 0.0001. Due to the reasons given above, the bubbles are extremely
thick walled. Since the barrier height is very small, the transition duration is very short,
accordingly, the parameter β/H is quite large. This extremely thick walled case is similar
to the second-order phase transition in which β/H →∞ and there is no barrier. Moreover,
there is another interesting note for BM2. Due to the cubic term s31, it is expected that
the model has a sizable barrier at tree-level like the supercooled scenario discussed in [78],
but this is not the case for BM2. At this point, the model mimics the behavior of super-
cooled phase transitions with the supercooling parameter (Tc − Tn)/Tc = 0.31, though, the
transition is short-lived.
5 Dark Matter
As mentioned prior, imposing the Z2 symmetry on S2 makes it a viable candidate for
the DM. Considering the freeze-out formalism, the DM relic density abundance can be
calculated by solving the Boltzmann equation,
dn
dt
= −3Hn− < σv > (n2 − n2eq), (5.1)
where n, H, <σv> are the number of the DM particles, the Hubble parameter and the
thermally-averaged cross section for the DM annihilation, respectively. It is customary to
rewrite the Boltzmann equation in terms of Y = n/s, where s is the total entropy density
of the universe, the result is [100]
dY
dx
= −
(
45Gg∗
π
)− 1
2 M h∗
x2
(1 +
1
3
T
h∗
dh∗
dT
) < σv > (Y 2 − Y 2eq), (5.2)
where x = M/T , M is the DM mass. h∗ is the effective degree of freedom for the entropy
densities. The DM relic density abundance reads,
ΩDMh
2 ≃ (2.79 ± 0.05) × 108
(
M
GeV
)
Y (0). (5.3)
It is assumed the usual SM particles only interact with Higgs in this model, so the annihi-
lation channels for DM via the Higgs portal s-channel are s2s2 → W+W−, ZZ, f f¯ . Also,
there exists s2s2 → φiφj (with φi(j) = h, s1 and i(j) = 1, 2) via s, t and u channels and
four-point interactions.
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Figure 2: Phase transition properties of BM2: The subfigure (a) presents S3/T versus
temperature, the dashed horizontal red line shows S3/T = 140 where nucleation occurs.
The subfigure (b) presents the tunneling profile as a function of radius. The subfigure (c)
presents the norms of high (green line) and low (blue line) phases as functions of tem-
perature, the dashed vertical red line shows the nucleation temperature. The subfigure (d)
presents the contour levels of the potential at the nucleation temperature Tn = 41.61(GeV ),
the dashed black line shows the tunneling path.
The parameter space is constrained by the direct detection DM searches. To do this, one
needs to calculate the spin-independent cross section for DM-nucleon scattering6, and com-
pares the result with the XENON1T 2018 experiment data [101]. The spin-independent
cross section is given by
σSI =
4M2s2M
2
N
π(Ms2 +MN )2
∣∣∣Ms2−N ∣∣∣2, (5.4)
where Ms2 , MN and Ms2−N are the DM mass, the nucleus mass and the scattering am-
plitude at low energy limit, respectively. Ms2−N is related to Ms2−quark, so, calculating
effective Lagrangian coefficients and nucleon form factors, Ms2−N can be obtained from
Ms2−quark. Here, the model is implemented in SARAH [102–104], the model spectrum is
obtained by SPheno [105, 106] and the DM properties are studied by MicrOMEGAs [97, 98].
6The spin-dependent case is not studied here, because the DM candidate is assumed to be a scalar.
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ΩDMh
2 σprotonSI (pb) σ
neutron
SI (pb)
BM1 0.104 5.151 × 10−12 5.315 × 10−12
BM2 0.12 6.469 × 10−12 6.667 × 10−12
BM3 6.28 × 10−2 9.447 × 10−12 9.729 × 10−12
BM4 0.109 5.038 × 10−11 5.195 × 10−11
BM5 0.108 6.186 × 10−12 6.363 × 10−12
BM6 0.12 4.223 × 10−12 4.354 × 10−12
BM7 5.90 × 10−2 4.755 × 10−11 4.906 × 10−11
BM8 0.12 2.480 × 10−11 2.556 × 10−11
Table 4: The values of the DM relic abundance and the spin-independent cross sections.
The results are presented in table 4. As seen in table 4, the relic density of all benchmark
points is compatible with Planck 2018 data which reports Ωch
2 = 0.120 ± 0.0017. More-
over, the results fit withXENON1T 2018 experiment which gives an upper limit, less than
LUX 2017 [107] and PandaX-II 2017 [108] reports, on the DM-nucleon spin-independent
elastic scattering cross section. In the DM study, there are two differences with Ref. [94].
The first is the s31 interaction which gives a significant contribution to the DM annihilation
through s1 s-channel, and consequently to relic density. The second is the spin-independent
cross section which was taken to be zero in Ref. [94], but the more realistic case like here is to
have a non-zero DM-nucleon cross section, if weakly interacting massive particles (WIMP)
constitute the DM. This is the main idea behind LUX, PandaX-II and XENON1T
experiments.
6 Conclusions
The main goal of this work has been to investigate the EWPT, the GW and the DM issues
in an extension of the SM by adding two scalar degrees of freedom. To reach the goal,
it has been assumed that one of the new scalars has a non-zero VeV to assist the phase
transition and the other has no VeV to be a viable DM candidate. It has been seen if one
takes the most general renormalizable form of the potential, the model can represent all
the signals together. As seen from tables 2 and 3, the model can have phase transitions
from strong (ξ ∼ 1) to very strong (ξ ∼ 4). From figure 1, the model presents the GW
signals from the frequency range of 10−5(Hz) to 10(Hz) which are detectable by eLISA,
BBO and DECIGO. From table 4, the model provides the DM signals which are in
agreement with the Planck 2018 data and the XENON1T 2018 experiment. It is seen
that the DM candidate may be quite massive with a mass greater than 100(GeV) which
belongs to the extremely cold DM; although, since the model has a rich parameter space,
the lighter DMs might be found by performing a Monte Carlo simulation via a computer
cluster. With all of these, it can be concluded that the SFOEWPT, the GW and the DM
signals can successfully be described by the present model as an extension of the SM with
70.05 ≤ Ωch
2
≤ 0.12 would be acceptable.
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two additional real gauge singlet scalars. As a final note, it has been assumed that the
GW production from bubble collisions follows from thin-wall and envelope approximations
which is usual in the literature. In this assumption, only uncollided parts of the bubbles are
taken into account as the GW sources. Recently, it has been shown that the GW production
from bubble collisions is analytically solvable [109, 110]. Also, the possibility of using GWs
and collider experiments to constrain the EWPT has been discussed in [111]. It is left for
future work to study the GW signals of the present model using these recent studies.
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